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Abstract 
Sub-20 nm patterns have been fabricated by using oxidation scanning probe lithography on 
epitaxial graphene. The structural and chemical properties of these nanopatterns have been 
characterized by high resolution transmission electron microscopy, energy dispersive X-ray 
spectroscopy and electron energy loss spectroscopy. The electron microscopy images reveal 
that the nanolithography process modifies the graphene monolayer and a thin region of the 
SiC substrate (1 nm thick). Spatially-resolved electron spectroscopies show that the 
nanopatterns are made of graphene oxide.  The combination of spatially-resolved structural 
and chemical analysis of graphene nanopatterns will enable the development of high-
performance graphene devices.  
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1. Introduction 
 
Scanning probe lithography (SPL) is being used to fabricate different nanolectronic devices 
by modifying and/or manipulating 2D electronic materials [1-3]. Among SPL methods, 
oxidation scanning probe lithography (o-SPL) enables the direct and resist-less 
nanopatterning of a large variety of materials [4-6], from silicon to 2D electronic materials; 
from self-assembled monolayers to biomolecules. The direct and resist-less lithography 
offered by o-SPL has generated a variety of nanopatterns on layered materials such as 
graphene and transition metal dichalcogenides [7-12]. The patterning capability has also been 
exploited to fabricate several electronic devices including quantum point contacts and field-
effect transistors on layered materials [13-20].  
Oxidation SPL operates by confining laterally the local oxidation of a surface. A water bridge 
between the tip and the sample produces the confinement. This water bridge is induced by 
the application of an external voltage (figure 1(a)). The water bridge also provides oxyanions 
that drive the oxidation process in the presence of an applied voltage.  The dielectric 
properties, the size and the geometry of the o-SPL patterns are the key features to confine the 
electron flow on the active sections of the graphene layer (figure 1(b)). 
Advances in the performance of those devices require a full understanding of the structural 
and chemical properties of those dielectric barriers. Current knowledge on the chemical and 
dielectric properties of o-SPL patterns is based on experiments performed on silicon [21, 22]. 
Recently, micro-Raman and X-ray spectroscopy have been applied to characterize 
submicrometer o-SPL patterns on graphene [23, 24]. However, there are no studies on the 
chemical and the structural properties of those nanopatterns that have the spatial resolution 
relevant for the development of high-performance devices. 
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Here we report a combined force microscopy, high-resolution transmission electron 
microscopy (HRTEM), focused ion beam nanolithography and high spatial resolution 
electronic spectroscopy to characterize the structure and chemical composition of 
nanopatterns fabricated by o-SPL on epitaxial graphene. The nanopatterns characterized in 
this report have a lateral width in the sub-20 nm range while their height is below 4 nm.   
Epitaxial graphene is being actively studied for its potential towards wafer-scale fabrication 
of graphene-based devices [25-27]. The patterning of graphene by optical or electron-beam 
Figure 1. (a) Scheme of o-SPL patterning on a graphene layer formed on SiC. (b) o-SPL 
pattern on graphene. The narrowest section between the o-SPL patterns is of 18 nm. (c) Array 
of lines patterned on graphene by o-SPL. (d) Top panel shows the cross-section along the 
dashed line marked in (c). Bottom image is a high-resolution image of the area enclosed in the 
rectangle marked in (c). o-SPL parameters applied voltage V=37 V and oxidation time t= 1ms 
in (b) and V=20 V and t=0.7 ms in (c).  
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lithographies requires the use of resists. Those resists might deteriorate the structural and/or 
electrical properties of the patterns and devices [28]. This observation supports the use of a 
resist-free direct lithography technique such as o-SPL to pattern epitaxial graphene. Previous 
results of o-SPL on epitaxial graphene have shown the potential of this technique for the 
patterning of graphene on SiC [29-31], although high-resolution nanopatterns have not been 
produced so far for this type of graphene. Moreover, a deep characterization of the processes 
involved in o-SPL of graphene with nanometer resolution is missing. In our work, the 
spectroscopy analysis shows that the patterns contain C and O which confirms the existence 
of a graphene oxide. The o-SPL patterns grow 1-3 nm above and below the graphene 
baseline. This also implies that the patterning affects the SiC underneath by the incorporation 
of Si into the graphene oxide. However, by tuning the oxidation parameters involved in the 
o-SPL process, it is possible to limit the oxidation process to the graphene layer.  
The patterns have a trapezoidal shape dominated by the width of the base.  We have shown 
that for the smallest and thinnest oxides (total thickness of about 2 nm), the shape is almost 
rectangular. This is important in order to define the real distance between the dielectric 
barriers in a quantum dot device.   
2. Experimental 
The o-SPL experiments were performed by operating the atomic force microscope 
(dimension V, Bruker, USA) in the amplitude modulation mode with a free amplitude in the 
5–10 nm range and a set point amplitude/free amplitude ratio of about 0.9 [5]. The local 
anodic oxidation experiments were carried out by using n+-doped silicon cantilevers (NCH-
W, NanoWorld, Germany) with a force constant of about 40 N/m and a resonant frequency 
of about 300 kHz. During the nanolithography process, the tip and the sample were kept in a 
closed chamber to control the relative humidity, in the range of 40%–50% and the 
temperature at approximately 25 ºC. To modify the graphene, the tip was biased negatively 
with respect to the sample. The height and the width (FWHM) of the patterns are modulated 
by adjusting the amplitude and duration of the voltage pulse. We have applied voltage pulse 
of 20-40 V for about 0.5-2 ms. Given that the local oxidation of SiC can depend on the crystal 
orientation [32], all our o-SPL processes have been performed on the same substrate terrace 
with the oxidation lines parallel amongst them, so, along the same crystallographic direction. 
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The graphene samples were produced by Graphene Nanotech on the silicon face of SiC 
substrates. The growth of graphene is produced through selective sublimation of Si surface 
atoms by high temperature annealing. The desorbed Si atoms leave behind an epitaxial layer 
of graphene [33]. 
In order to determine the morphology and atomic structure of the materials, HRTEM was 
performed in a Titan Cubed TEM (FEI Company) equipped with an image-aberration 
corrector. On the other hand, to determine the composition of the materials, Scanning-
Transmission Electron Microscopy (STEM) was performed in a Titan TEM (FEI Company) 
equipped with a probe corrector. Both microscopes were operated at a working voltage of 
300 kV. TEM images were obtained with a coupled CCD camera (Gatan), whereas High 
Angle Annular Dark Field (STEM-HAADF) images were obtained with a HAADF detector 
(Fischione) in scanning-transmission mode. In this technique, the intensity of the signal is 
proportional to the square of the atomic number (Z2); therefore heavier elements appear with 
a much brighter contrast than lighter elements. The lamellae for the cross-sectional TEM 
studies have been fabricated in a Helios Nanolab 650 (FEI Company). Milling and initial 
thinning was performed at 30 kV acceleration voltage for the Ga ions and final polishing was 
performed using 5 kV Ga ions. The Pt-C layer on graphene shown in the images of figure 
2(b) and 2(c) is grown during the lamellae preparation before the milling step to avoid 
graphene damage. 
Moreover, in order to analyze the chemical composition of the materials with a high spatial 
resolution, Energy Dispersive X-ray Spectroscopy (EDX) and Electron Energy Loss 
Spectroscopy (EELS) were performed in STEM mode. EDX spectra were obtained with an 
EDAX detector, whereas EELS spectra were obtained with a Gatan Tridiem 866 ERS filter, 
with an energy dispersion of 0.2 eV per pixel. In both techniques, spectra were acquired from 
integrated areas in order to obtain a better signal/noise ratio. 
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3. Results and discussion 
Figure 1(a) shows a scheme of the o-SPL patterning on graphene monolayer grown on a SiC 
substrate. Figure 1(b) shows a pattern on graphene that confines the flow of the electrons 
through an 18 nm wide constriction. This type of patterns has been fabricated to study the 
electronic properties of graphene quantum dots [16].  
To perform the structural and spectroscopic characterization of the nanopatterns we have 
patterned arrays of lines on epitaxial graphene (figure 1(c-d)). Those patterns have been 
processed by focused ion beam lithography to create lamellae that were suitable for structural 
analysis performed by HRTEM.  
Figure 2(a) shows the AFM image and the cross-section of two lines that were used in the 
spectroscopic analysis. Figure 2(b) shows the HRTEM image of one of those lines. High-
resolution images of the cross-section show the high crystallinity and order of the SiC 
substrate. It also reveals the presence of two graphene monolayers. One attached to the 
substrate that is defective for the electronic transport and the other one, 0.4 nm above it. The 
substrate crystallinity could be slightly altered in the regions underneath the patterns. In this 
case, the local oxidation process alters the graphene layer and about 1-2 nm of the SiC 
underneath. The lateral extension is about 17 nm, which matches the size given by the AFM 
cross-section images (figure 2(a)). The images reveal that the pattern grows about and below 
the substrate baseline. By tuning the o-SPL parameters, this is by reducing the applied voltage 
below 20 V and the oxidation time below 0.5 ms the process could be confined just 1 nm 
above or below the graphene layer (figure 2(c)).  
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To study the chemical properties of the o-SPL on epitaxial graphene, EELS spectra of O K 
edge were acquired for different lines patterned by o-SPL. First, the exact location of the o-
SPL graphene line is marked during HRTEM experiments by producing a defect in the 
protective Pt-C layer, just above the o-SPL graphene line position. This on-purpose defect 
can be observed in the HAADF-STEM image shown in figure 3(a) as a bright white mark 
centered on the protective Pt-C layer. A spectrum of the O K edge measured in STEM mode 
after integration over the green-boxed area shown in figure 3(a) for an o-SPL graphene line 
is presented in figure 3(b). The strong signal observed for the O K edge at the EELS spectrum, 
is a sign of the oxidation of graphene [34]. The O K-edge spectrum has an intense initial peak 
at 543 eV and an extended broad second peak at about 566 eV, showing strong similarities 
with the O K-edge spectrum obtained in suspended graphene oxide flakes [35]. The O K-
edge spectrum shown in figure 3(b) suggests that the graphene line patterned by o-SPL has 
a width of at least 35 nm, in contrast to the value found in HRTEM images, figures 2(b) and 
2(c), in which the width of the o-SPL graphene line is about 17 nm. The reason for this 
discrepancy is that HRTEM is a much more reliable technique for determining spatial 
Figure 2.  (a) AFM topography image of two parallel lines fabricated on graphene. The right 
panel shows the cross-section along the dashed line marked in the AFM image. (b) HRTEM 
image of a section of one of the lines of figure 2(a). (c) HRTEM image of another o-SPL line.  
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dimensions. EELS signal has less spatial resolution because it is broadened due to scattering 
delocalization [36]. In addition, figure 3(c) shows the integrated EELS signal over an energy 
window between 534 and 584 eV, corresponding to the O K edge, as a function of the position 
along the red line shown in figure 3(a). The signal of the O K edge is present along the width 
of the graphene oxide line, decreasing mildly near the end of the oxidized line, and 
disappearing completely at the non-oxidized epitaxial graphene regions. EELS spectroscopy 
analysis confirms the presence of graphene oxide in the area of the graphene layer that has 
been patterned by o-SPL and that graphene oxide is present only in the o-SPL graphene line, 
since the signal from the O K edge rapidly decreases below the detection limit as we reach 
the non-oxidized epitaxial graphene region. 
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Figure 3. (a) Cross-sectional STEM image of one graphene oxide line used as a reference image 
for EELS and EDX analysis. Solid line is a guide to the eye. (b) Integrated EELS signal obtained 
after integration over the green rectangle shown in (a). (c) Integrated EELS signal over an energy 
window between 534 and 584 eV corresponding to the O K edge as a function of the position 
along the red line shown in (a).  
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To further verify that the presence of graphene oxide is limited into the area nanopatterned 
by o-SPL, EDX analysis was carried out on the graphene samples. Figure 4(a) shows the 
HAADF-STEM image of graphene containing one graphene oxide line patterned by o-SPL 
(the graphene oxide line created on graphene by o-SPL is placed below the white mark 
created on the protective Pt-C layer, that can be seen figure 4(a). This mark has been produced 
in order to easily locate the graphene oxide line in subsequent STEM experiments). EDX 
spectra were obtained after integration over the blue and red boxed areas shown in figure 
4(a), corresponding to an area where graphene oxide line is present (blue rectangle) and 
another area where the graphene monolayer has not been patterned by o-SPL (red rectangle). 
EDX spectra obtained on each area are shown in figure 4(b), with the blue line corresponding 
to the area containing the graphene oxide line and red line corresponding to the EDX 
spectrum of the unpatterned graphene monolayer. EDX spectra obtained in both areas show 
the presence of C, coming from the epitaxial graphene, the SiC substrate and the protective 
Pt-C layer, of Si, coming from the SiC substrate, and Pt, resulting from the protective Pt-C 
layer. Interestingly, the presence of the O K peak is evident at the region that suffered the 
controlled oxidation process by o-SPL, whereas is completely absent at the region of the 
epitaxial graphene that suffered no modification.  
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4. Conclusions 
In short, we have shown here that using o-SPL it is possible to produce high-resolution 
nanopatterns on epitaxial graphene. We have performed a thorough characterization of the 
structural and chemical properties of sub-4 nm in height and sub-20 nm in width graphene 
oxide patterns created by o-SPL on epitaxial graphene. 
HRTEM analysis reveals that, due to the appropriate tuning of the oxidation parameters 
involved in the nanopatterning, o-SPL process alters the graphene layer and 1-2 nm of the 
SiC substrate underneath and that the lateral extension of the graphene oxide lines patterned 
is about 17 nm. Spectroscopic analysis by EELS and EDX confirm the presence of graphene 
Figure 4. (a) Cross-sectional STEM image of graphene containing one graphene oxide line used as reference for 
EDX analysis. (b) Integrated EDX signals corresponding to the signals acquired in each rectangle shown in (a). 
Blue rectangle corresponds to the graphene oxide area and red rectangle correspond to a graphene region 
without graphene oxide lines. 
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oxide along the graphene line patterned by o-SPL and the absence of any oxygen signal 
outside the nanopatterned areas.  
These results represent the first comprehensive investigation of the structural and chemical 
properties of o-SPL patterns on graphene and pave the way for future research on design of 
high-performance graphene devices, where a precise nanopatterning is required by a resist-
free direct lithography technique. 
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